PallistereKillian syndrome 12p tetrasomy Isochromosome 12p Epilepsy Non-epileptic paroxysmal events Seizure semiology Mosaicism a b s t r a c t PallistereKillian syndrome (PKS) is a rare, sporadic genetic disorder caused by tetrasomy 12p mosaicism associated with a supernumerary isochromosome. Craniofacial dysmorphism, learning impairment and seizures are considered characteristic. However, little is known of the seizure and epilepsy patterns seen in PKS. To better define the occurrence and nature of epileptic and non-epileptic paroxysmal events in PKS, we describe our experience with 5 patients and compare their features with data from a larger cohort of PKS patients ascertained via a web-based parental questionnaire. Three of the 5 patients have had definite epileptic seizures, and one other has had paroxysmal events as yet not clarified. Four of the 5 have also had either non-epileptic paroxysmal events or episodes of uncertain nature. In those with epilepsy, all have had some period of relatively refractory seizures, all have required more than one antiepileptic drug, but none experienced status epilepticus. Only one of the patients with epilepsy (the oldest) has gone into remission. In two of the four with non-epileptic events, videoelectroencephalographic monitoring has been valuable in clarifying the nature of the events. EEG characteristics include a slow dominant frequency as well as generalized and focal epileptiform features. Brain MRI findings can be normal but are variable. These specific findings correspond well to information reported by parents in a larger cohort of 51 individuals with PKS. Better understanding of the nature of epileptic and non-epileptic events in PKS will result from a more detailed analysis of objective data obtained from this larger cohort, and from deeper understanding of the molecular impact of 12p tetrasomy in selected cell lines.
Introduction
PallistereKillian syndrome (PKS) is a rare, sporadic genetic disorder first described in adults by Pallister [1] and in children by Killian and Teschler-Nicola [2] . Affected individuals present in infancy with dysmorphic features, hypotonia and developmental delay [3, 4] . The condition is associated with 12p tetrasomy resulting from the variable expression of a supernumerary isochromosome (i12p) in differing cell lines [3e5] . Diagnosis of this mosaic condition may be elusive due to the absence or reduced expression of the isochromosome in peripheral blood lymphocytes [5, 6] . Therefore, identification of the condition depends on a high index of suspicion, and on genotypic studies of cultured skin fibroblasts, buccal mucosal cells or high-sensitivity FISH in peripheral blood lymphocytes.
From a clinical standpoint, the condition is often described as a triad of craniofacial dysmorphism, cognitive impairment and epilepsy [3e5] . However, in contrast to what is known regarding the epilepsy characteristics of several other congenital genetic disorders such as Angelman [7e10], Wolf-Hirschhorn [11, 12] , Rett [13] and Aicardi [14] syndromes, relatively less is known of the seizure and epilepsy characteristics of people with PKS. The reported incidence of recurrent seizures in individuals with PKS appears to range from 40% to 70% [3, 4] , but few reports provide much detail regarding the specifics of seizure semiology, treatment options, and response to antiepileptic medications, or prognosis; those that do so describe no more than 2 children per series. Four relatively recent reports [15e18] describe a total of 6 children in fair detail, providing considerable information concerning age of onset, clinical semiology and response to treatment. Long-term follow-up is not described. Based on these reports, it appears that seizure types may be quite variable, ranging from clustered tonic spasms similar to "infantile spasms", to generalized convulsions and partial seizures. Treatment most often appears to be challenging or incompletely successful, and no particularly unique or common electroencephalographic patterns (as have been suggested with Angelman syndrome [8] , for example) have emerged.
Recently, we have added to this existing information by describing the seizure and epilepsy characteristics of a large cohort of PKS patients acquired via a web-based questionnaire in collaboration with the PKS Kids family-based support organization [19] . The self-reported clinical information has been recently summarized, and useful information regarding seizure type, medication management and prognosis so described. This work [19] confirms the rather variable nature of seizures and epilepsy in patients with PKS. In addition, our findings highlight the frequency with which the diagnosis of epilepsy in such patients has proven elusive, and how many may also experience nonepileptic paroxysmal events that make evaluation and management even more challenging.
The accuracy of such self-reported data is, of course, subject to certain limitations including recall bias and variable interpretation of medical terminology. In order to overcome some of these difficulties and to add further to the understanding of epilepsy and paroxysmal disorders in PKS, the following paper summarizes our personal experience with the five patients (also included in our larger PKS cohort) for whom we have provided direct clinical care. The results confirm: 1) the very broad spectrum of seizures, paroxysmal events and epilepsy; 2) the common occurrence of non-epileptic paroxysmal events; 3) the challenge of making a diagnosis of epilepsy in individuals with this condition; and, 4) the potential for remission in patients with PKS.
Materials and methods
Collection and analysis of our extended database of PKS subjects has been detailed elsewhere [19] . In brief, individuals with genotypically confirmed PKS were included after parents or guardians provided informed consent. A detailed parent-based, structured questionnaire was completed by a parent or guardian for all subjects included in the database (now containing 51 individuals). Further clarification of questionnaire entries and collection of outside medical records is ongoing.
Of these 51 individuals, the authors have personally provided neurological and medical care for 5 of these patients ( Table 1) . Families of these patients were contacted again and additional clinical details for this case series were elicited as needed. Permission to conduct this study has been granted by the IRB at the University of Utah. Specific permission to present video-EEG information in a public access publication was solicited and granted by the legal guardians of the children.
3. Case Summaries (from oldest to youngest in chronological age)
Case 1
This 32 years old woman was born of an uncomplicated pregnancy, labor and delivery. She was diagnosed with PKS in early childhood. She developed myoclonic jerks at 6 months of age. Treatment with clonazepam was successful in controlling seizures. At 17 years of age she was again evaluated for possible epileptic seizures and sleep disturbances. These episodes consisted of abrupt arousal "as if from a nightmare" and occurred up to 8 times per night. During the episodes, her arms and legs would stiffen and she would be poorly responsive and "glassy-eyed".
Electroencephalography demonstrated a slow dominant posterior frequency. A single mild episode captured during the recording could not be clearly confirmed as epileptic in nature. Nevertheless, it was believed that these episodes represented nocturnal complexpartial or frontal lobe seizures and treatment with carbamazepine and phenobarbital eventually provided complete seizure control. This treatment also appeared to improve her sleep disturbance. These anticonvulsants were subsequently discontinued without seizure recurrence. Recent evaluation by an adult neurology colleague for sleep disturbance identified episodes, occurring in clusters, of exaggerated startle responses during which eyes open wide sometimes associated with scissoring of the legs. EEG at age 31 years continued to show slow and poorly regulated dominant posterior frequencies but no definite epileptiform discharges. Unusual arousal responses were suspected.
She has intellectual and cortical visual impairment, mild hearing loss and is non-verbal. Her mother believes she may understand simple language and enjoy music. She is non-ambulatory. Examination demonstrates typical coarse facial features seen in PKS and related craniofacial dysmorphism. She exhibits dysconjugate gaze with roving eye movements but seems to regard her mother. She does not have a feeding tube. She has limb and axial hypotonia.
Case 2
This 17 years old young woman was born of a term, uncomplicated pregnancy. Birth weight was 3.1 kg. She was diagnosed with PKS at 14 months of age.
At 12½ years of age she developed daily unprovoked, generalized tonic seizures lasting "a few seconds" which were associated with loss of postural tone as well as post-ictal somnolence and confusion. Electroencephalography demonstrated a fairly wellregulated 8 Hz dominant posterior rhythm and rare irregular generalized spike and wave discharges (Fig. 1 ).
Treatment with topiramate followed by levetiracetam was ineffective. With time, parents noted that episodes of breath holding lasting 20e40 s appeared to precede the onset of her seizures. Two additional types of paroxysmal events emerged consisting of drop-attacks and staring spells. Lamotrigine was instituted empirically, but was also of limited benefit. The paroxysmal events evolved. By age 14 she would "tense up, look up and to the side, get a smile on her face, and then laugh". She would often twist to the right and one arm would extend and elevate more than the other. Consciousness was not clearly impaired. Video-EEG monitoring (at 14.5 years of age) demonstrated a fairly well-regulated 5e6 Hz posterior rhythm. Infrequent interictal irregular generalized spike-wave discharges were noted (Fig. 1) . Numerous but varied stereotypic events of concern were recorded (Videos 1 and 2). These consisted of stereotyped or repetitive behaviors in which she would tense and sometimes rock or sway her body from side-to-side (Video 1). At other times, she would become abruptly still other than perhaps rotating her head or twisting her face. Though none of these phenomena were associated with definite epileptiform activity, they were often associated with the abrupt onset of high amplitude, frontally dominant, diffuse, rather regular, 2e4 Hz delta activity (see Video 1 and Fig. 1 ). During sleep, apparent arousals were often associated with periodic, quasi-generalized sharp and slow wave discharges (Video 2, Fig. 2 ). Definitive diagnosis was, therefore elusive, though it was concluded that most of these events likely did not represent epileptic seizures. Accordingly, lamotrigine was discontinued.
Supplementary video related to this article can be found at doi: 10.1016/j.ejmg.2012.01.006.
Episodes subsided somewhat in frequency and severity and over time often seemed to be interruptible, as though the patient's behavior could be redirected. However, at 16.5 years of age, she experienced several generalized tonic-clonic seizures of several minutes duration followed by typical post-ictal somnolence. She experienced a drug eruption with Zonisamide and is now responding well to levetiracetam.
On examination she is an alert, happy and interactive young woman with craniofacial features consistent with PKS. She has a short neck and short digits. She has central obesity anteriorly with an unusually stocky body habitus. She is communicative, but has cognitive difficulties. She is able to follow multiple step instructions and can communicate in short phrases and sentences. She engages in stereotypic behaviors. She has mild generalized hypotonia, normal strength, and is clumsy with awkward motor skills but without frank tremor or ataxia. She can easily arise from a squatting or sitting position. MRI of the brain (at age 12 years) was normal. A, EEG at 12 years of age. An example of a brief, irregular burst of generalized spike-wave activity (short arrow) is shown; these were rare during the recording. Normal sleep features were seen (long arrows). B, C, D, EEG at 14 years of age. B, another example of a brief, irregular generalized spike-wave discharge is seen (arrow). C, EEG pattern at beginning of the paroxysmal event shown in Video 1. The child is awake and the slow dominant posterior rhythm is evident (ellipses). D, EEG pattern at peak of the event, toward end of video when she is seen to be rocking and swaying forward. Note the diffuse high amplitude delta waves. This is felt to be due to breath-holding which parents reported during many of these events. No epileptiform discharges are seen during this event.
Case 3
This 13 years old boy was born of a pregnancy complicated by polyhydramnios and antenatal diagnosis of PKS was made by amniocentesis. Multiple congenital anomalies were noted including omphalocele, coarctation of the aorta, bicommissural aortic valve with mild aortic stenosis, abnormal mitral valve, hypoplasia of the auditory canals, and imperforate anus. Multiple corrective surgeries were required.
Stereotypic abnormal movements were first observed during sleep at around 15 months of age. Two initial routine EEGs were normal. At four years of age, long-term video-EEG monitoring demonstrated a slow dominant posterior rhythm and frequent, brief, irregular, high amplitude, frontally dominant generalized spike-wave discharges, many of which were associated with subtle generalized myoclonic jerks. Clonazepam and then topiramate were both transiently effective. At nearly six years of age, frequent, intractable, nocturnal generalized tonic seizures lasting 2e3 min appeared. These occurred during sleep numerous times per week and were associated with apnea and cyanosis.
Over time, treatment with oxcarbazepine plus topiramate and/ or levetiracetam resulted in periods of complete seizure control lasting up to 5 months. However, he continues to have frequent generalized tonic-clonic seizures, typically when ill (but not necessarily febrile). The longest seizure-free interval since 8 years of age has been about 2 months. Electroencephalography (at 10 years of age) showed slowing, hemispheric asymmetries, and variable interictal epileptiform features (Fig. 3) .
Other medical problems have included severe gastroesophageal reflux, obstructive and central apnea, upper airway congestion with stertorous respirations and recurrent upper respiratory infections. A percutaneous gastrostomy tube was placed at 6 years of age.
On examination, he is profoundly neurologically impaired. He has coarse facial features with the typical craniofacial dysmorphism of PKS. He has very small external auditory canals. He is non-verbal, does not appear to understand language, has marked cortical visual impairment and cannot roll over, sit up, stand or walk independently. He has marked generalized hypotonia. MRI of the brain (at age 4 months) demonstrated asymmetry of the lateral ventricles with enlargement of the left lateral ventricle, atrophy of the left hemisphere, and hypoplasia of the anterior falx.
Case 4
This 11 years old girl was born at term following a pregnancy complicated by polyhydramnios. Birth weight was 3.63 kg. She has had mild developmental delays, attends a regular school with resource help, and is friendly and sociable. She has not had seizures. She sleeps 9e10 h per night and takes naps during the day but otherwise does not have evidence of disturbed sleep. She has had headaches and possibly intermittent hypertension though the latter has not been recently confirmed.
On examination, she is an alert, happy and engaging girl who enjoys communicating with others. She has mild, but typical, craniofacial features of PKS, dysconjugate gaze with nystagmus, mild abdominal fullness and central obesity. She speaks in full sentences. She has mild generalized hypotonia and, though awkward in her motor skills, does not have frank tremor or ataxia of limb or gait. MRI of the brain (at 8 months of age) demonstrated mild delay in central myelination along with mild prominence of the lateral ventricles and of the subarachnoid space overlying the cerebral convexities.
Case 5
This 4 years old boy was born at 36 weeks gestation following an uncomplicated pregnancy. He had neonatal hypoglycemia. His birth weight was 3.04 kg. Dysmorphic features were noted at birth and he was treated for hyperbilirubinemia. PKS was diagnosed at 10 months of age when he was evaluated for developmental delay.
At two and a half years of age (i.e., at his last visit with us), parents described some episodes during which he would stop and stare fixedly for a second or two, after which he would sometimes make a grunting sound. However, he also made this same sound intermittently at other times. One such episode was witnessed during the visit and it was not clear what this represented. Neurological consultation was declined by parents.
Discussion
Although the common occurrence of seizures in PKS is well supported by existing literature [3e5], relatively little is known regarding the semiologic characteristics, the spectrum of severity or the prognosis of seizures and epilepsy in individuals with PKS. Taken together, previously described case series and case reports strongly suggest a fairly broad variability in the epilepsy phenotype among these patients [3e5, 20, 21] . Observations in the five children described here, when combined with our recent web-based questionnaire study [19] of 51 individuals with PKS (Table 2) , support this impression. Furthermore, they allow us to draw some general 
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conclusions regarding the seizure characteristics in PKS: 1) Seizures are common in PKS (w60%); 2) No single seizure or epilepsy pattern is most common in PKS patients, though myoclonic and generalized convulsive seizures occur more often than other seizure types (w50%); 3) The age of onset is variable, with neonatal seizures being very rare; 4) Many patients experience one or more period(s) of seizure intractability; and 5) Only a minority of patients who develop seizures appear to undergo remission. It is also worth noting that none of the patients in this clinical series experienced status epilepticus, despite the fact that at least 2 of the 5 had fairly Fig. 3 . Electroencephalographic features of case 3 (at 10 years of age). A, the slow dominant posterior rhythm of 3e6 Hz is apparent; intermixed sharply contoured delta waves (arrows) are evident. B, asymmetric sleep spindles are seen, of higher amplitude over the right hemisphere (arrows). C, a right hemisphere spike (arrow) is seen along with quasiperiodic, sharply contoured delta waves (ellipse) more prominent over the right than the left hemisphere. D, another example of right greater than left hemisphere delta activity (ellipse) is shown. Our experience indicates that non-epileptic paroxysmal events are common in individuals with PKS. In four of the five patients in this clinical series and in at least 35% of our questionnaire-based patients (Table 2) , paroxysmal events have at times been difficult to characterize. For example, in a period of just a few years our Case 2 experienced a variety of similar phenomena that continue to challenge diagnosis. While the first few seizure-like spells and more recent paroxysmal events appear to have been typical convulsive seizures, many other events appear to be repetitive occurrences that could fall into the category of "self-stimulation" or "motor" or "behavioral" stereotypies [22] as observed in other developmentally impaired children with autistic spectrum disorders [22, 23] . We postulate that some of the EEG changes (e.g. high amplitude slow waves) that accompanied (and often preceded) these events (see Video 1) could have represented effects of breath holding or hyperventilation. However, the possibility of complexpartial seizures of deep frontal lobe origin could not be completely ruled out either. The ability of her caretakers to interrupt or to influence the duration and pattern of these events supports the hypothesis that these represent some form of stereotypy [22] , while the unusual ictal EEG findings make it difficult to exclude the possibility of frontal lobe seizures. This conundrum is further complicated by the incontrovertible interictal epileptiform abnormalities that certainly would be consistent with an epileptic disorder (Fig. 1) .
The challenge of distinguishing epileptic from non-epileptic paroxysmal events is, of course, not limited to PKS. In fact, the problem is well recognized in autism [23, 24] and appears to be particularly common in individuals with neurologic disorders in which autistic features and automatisms are prominent, such as Rett syndrome [25, 26] and Tuberous sclerosis. In autism spectrum disorders, the high rate of interictal epileptiform abnormalities [24] raises the index of suspicion for clinical epileptic seizures. Thus, stereotypic events accompanied by withdrawal, staring, and other automatisms such as unusual posturing, flapping and rocking may be misinterpreted as epileptic in nature [23] . Video-EEG may be useful in differentiating between these episodes [25] . In PKS, the distinction between epileptic and non-epileptic phenomena may prove similarly problematic.
The underlying molecular and neurophysiological disturbances leading to epileptic seizures in PKS are at present not known. Chromosome 12 contains more than 1400 coding genes and 487 loci that have been associated with human disease [27] . Gene mutation or altered expression may lead to epilepsy via a number of mechanisms including disturbances in ligand-or voltage-gated ion channels [28] , synaptic function [29, 30] , or brain formation [31] . While the pathophysiology of seizure generation in such conditions may result from gross organizational defects of neuronal circuits, mutations within some of these same genes may lead to epilepsy even in the absence of visible brain malformation [31] . Potential candidate genes regulating ion channels, synaptic physiology or CNS development exist on chromosome 12p. For example, SLC6A12 (BGT-1) and SLC6A13 (GAT2) encode transporter molecules involved in GABA reuptake, and ERC (RAB6-interacting protein 2 isoform beta) encodes a protein involved in cytomatrix organization at the active zone of nerve terminals which regulates neurotransmitter release [32] . Therefore, study of the specific effects of 12p tetrasomy on gene expression may lead to better understanding of the pathophysiology of seizures in PKS as well as in other conditions sharing common molecular disturbances.
To date, no consistent imaging abnormality has been demonstrated in PKS to suggest a common structural disturbance accounting for altered synaptic physiology. Broad phenotypic variability does appear to be typical of human conditions associated with genetic mosaicism [33, 34] . The variation in seizure type and severity in individuals with PKS could then reflect the differential expression of the chromosomal defect in the progenitors of particular neural or glial cell lines.
Though limited to thorough clinical observation in five patients, the results of this case series, combined with parental report in our cohort of 51 (i.e. 46 additional) individuals, do provide some guidance for practitioners caring for children with PKS. These findings suggest that physicians should maintain a high index of suspicion for seizures in children with PKS. However, careful clinical evaluation and a healthy degree of attention to detail are needed as these children are likely to have both epileptic and nonepileptic events. Reliance on the interictal EEG alone to confirm a diagnosis of epilepsy is probably unwise. Video-EEG monitoring will often be necessary to better characterize paroxysmal events and to optimally guide treatment. Finally, while many of these children have refractory seizures, most will not require recurrent hospitalization for intractable epilepsy and few will experience status epilepticus. These facts, coupled with the chance of remission, do offer some hope for parents and families as they care for a loved one with PKS.
